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Abstract

Fluorescence quenching and resonance energy transfer have been studied by steady-state fluorescence spectroscopy. The experimental and
theoretical values for the rate constants of the electronic energy transfer (kgt) and critical radius (R,) were determined for prodan and laurdan as
donors and octadecyl rthodamine B as acceptor. The spectroscopic data show, that prodan and laurdan in solution create an inhomogeneous
spectroscopic medium in which multi-channel luminescence phenomena take place. This finding indicated that the modified form of the Stern—
Volmer relation should be used for analyzing fluorescence quenching data. Results of performed studies point out, that dipole—dipole interaction is
responsible for the resonance energy transfer from prodan and laurdan to octadecyl rhodamine B. The relative quenching efficiencies of both dyes
depend on polarity of the medium and are higher for more polar solvent (AcN).

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The quenching of fluorescence caused by the resonance
energy transfer from electronically excited donor molecule, D*,
to an acceptor molecule, 4, which becomes excited to a higher
electronic state, is a widely studied phenomenon [1—-4]. The
studies of energy transfer have both theoretical as well as
practical importance. This phenomenon has found applications
in many fields including the photochemistry for elucidating
mechanisms of photochemical reactions [5] and has been
effectively used as a spectroscopic ruler in a wide variety of
biological macromolecules and assemblies [2,3,6]. Further-
more, energy transfer is a key step in biologically important
processes such as the photosynthetic process in plants [7].

The quenching of fluorescence requires a close approach of
fluorophore and quencher, and usually is interpreted according
to theories assuming either dynamic or static quenching, or a
combination of both [6]. The Stern—Volmer theory has been
applied successfully to a wide variety of quenching studies in
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isotropic and low-viscosity solutions. When a system contains a
fluorophore in different environments (e.g. a fluorophore
embedded in microheterogeneous materials as sol—gel matrices,
polymers, etc.) or more than one fluorophore (e.g. different
tryptophanyl residues of a protein), the classical Stern—Volmer
theory cannot be applied. A proper treatment of quenching
processes in heterogeneously emitting systems requires addi-
tional considerations [1,2,10].

In this paper we focus besides the spectral properties of
prodan (6-propionyl-2-dimethylaminonaphtalene) and laurdan
(6-dodecanoyl-2-dimethylaminonaphtalene), the quenching of
their excited states by octadecyl thodamine B (ORB) (shown
on Scheme 1). A particular attention has been paid to these
organic molecules since they are capable of simultaneous
creation of locally excited S;(LE) and charge transfer S;(CT)
excited states [11—16]. As it has been shown in a series of our
previous papers [13—16], the solutions of prodan and laurdan
in neat solvents and phospholipid vesicles are spectrally an
inhomogeneous system in which multi-channel luminescence
phenomena take place. The spectroscopic heterogeneity is due
to distribution of space conformational forms possessing
different twisting angles ¢ between the mutual orientation
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Scheme 1. Chemical structure of donor (prodan, laurdan) and acceptor (octadecyl rhodamine B) molecules.

planes of the dimethyl group (—~N(CHs3),) and the naphthalene
moiety, and by accompanying intra- and intermolecular
charge transfer phenomena.

In the following, we report results of performed intermolec-
ular electronic energy transfer studies in isotropic solutions of
the heterogeneously emitting systems. A special attention has
been paid to the description of the fluorescence quenching
occurring in the heterogeneously emitting systems.

2. Experimental details

Prodan, laurdan and ORB were purchased from Molecular
Probes (Eugene, OR) and used without further purification. The
solvents tetrahydrofuran (THF) and acetonitrile (AcN) were of
spectroscopic grade and provided by Merck (Darmstadt,
Germany).

The absorption spectra of the dyes were measured on
Shimadzu UV-2401 PC spectrophotometer. The fluorescence
spectra of the compounds and their mixtures were carried out
with a Shimadzu RF-5301 spectrofluorometer. Fluorescence
quenching measurements were performed using triangular
cuvette with frontal excitation to minimize the effect of
reabsorption of donor emission by the acceptor. The emission
was observed perpendicular to the direction of the exciting
beam. Thus, the errors due to fluorescence reabsorption were
reduced in a way that mathematical corrections were
superfluous.

The fluorescence lifetime measurements were performed by
means of the Time Correlated Single Photon Counting
Technique (TCSPC). The experimental set up for the performed
time resolved measurements has been described elsewhere
[16,17].

The quantum yield, @, was determined by comparison with
a standard solution using -carboline in 1 N sulphuric acid as a
reference compound [6,18]. The value of quantum yield of the
used standard solution is equal @y 5=0.6 [6].

3. Results and discussion
3.1. Spectral properties of one compound solution

In Fig. 1 the emission spectra of prodan and laurdan in THF
and AcN are reported. As expected for a dye molecule
containing a donor and acceptor groups, its emission is
dependent on the polarity of the environment. As can be seen
on Fig. 1, the emission maxima of prodan and laurdan in THF
are 431 and 432 nm. While those values are considerably red
shifted in AcN, and equal 456 and 452 nm, respectively. The
preceding of experimental observation [14—16] agree with the
results of the quantum mechanical calculations [12,13] which
predict the existence of S;(LE) and S;(CT) states. The
fluorescence spectra of prodan and laurdan obtained in our
studies (see Fig. 1), as well as by other authors [11-16] show
that the emission of both molecules arises from two different
excited states. As it is seen on Fig. 1, the emission spectra of
both dyes can be decomposed into two separated bands (Fig. 2)
which correspond to the emission arising from either S;(LE) or
S1(CT) states. From the decomposition of the fluorescence
spectrum into the separated Gaussian bands, we establish the
Amax Value of the LE and CT bands and their half width. We
found that the two bands participate in the fluorescence
spectrum at the ratio: 1:4.8 (THF) and 1:1.4 (AcN) for
prodan, and 1:2 (THF) and 1:2.2 (AcN) for laurdan. In
conclusion, the number of molecules with changed structural
conformation emitting from the S;(CT) state depends on the
solvent polarity.

As can be seen from Fig. 2, the absorption spectra of prodan
in THF and AcN at room temperature are similar, indicating that
the ground states of this compound in the two solvents are
identical. The same results were obtained for laurdan molecules
(data not shown). Furthermore, the overlap between the donor
(prodan and laurdan) emission and acceptor (ORB) absorption
spectra is noted. It points to the fact that the donor—acceptor
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energy transfer can take place in the studied systems: prodan-
ORB and laurdan-ORB.

3.2. Fluorescence decay times

The fluorescence decays of prodan and laurdan were
measured using a fixed excitation wavelength (1..=403 nm)
at the magic angle. A satisfactory agreement between the
measured fluorescence decay curve and theoretical fitting
function has been obtained using multi-exponential function
F(t) =Y, Aiexp(~t/t;), where 4, and 7, are the preexponen-
tial coefficient and decay time of i-th component, respectively.
The fluorescence decays can be well described using a three-
exponential model for both dyes, notwithstanding a very short
component (7; ~0.2 ns) was always obtained with a negative
preexponential factor. This negative amplitude indicates that
before the radiative deexcitation of an assemble of molecules, a
fast reaction compared to the emission lifetime exists, leading to
an increase in the emitting population observed by fluorescence.
The results of the analysis of the fluorescence decay curve for
prodan and laurdan in THF and AcN at room temperature are
presented in Table 1. The two longer decays components,
described by the 1, and 75 values, are attributed to the radiative

deexcitation of S{(LE) and S;(CT) states, respectively. The
values of preexponential coefficients 4,, ascribing participation
of the decay component of the LE fluorescence band, are greater
in THF, than in AcN. On the other hand, the values of 45 are
related to CT emission of space conformers of prodan and
laurdan. The number of CT conformers increases with increasing
polarity of the solvent. This regularity was observed for both
molecules under study and has its confirmation in measured
fluorescence spectra. The above findings point out that prodan
and laurdan solutions in THF and AcN create a heterogeneously
emitting system, which fluorescence, we suppose, will be
quenched in a complex manner.

3.3. Fluorescence quenching

Fig. 3 shows the fluorescence spectra of the donor (prodan
and laurdan) obtained in the presence of acceptor (ORB)
molecule at its various concentrations in THF. The spectra have
been obtained at the donor constant concentration (Cp=5x 10"
M) and for acceptor concentration changes from 0 to 2.5x 10~ *
M. From these spectra it is obvious that with increasing the
acceptor concentration a successive decrease occurs in the donor
fluorescence intensity. The same dependence (not shown
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Fig. 1. Emission spectra of prodan and laurdan in THF and AcN and their decomposition on two Gaussian bands corresponding to the emission of molecules from the

S1(LE) and S;(CT) states.
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Fig. 2. Normalized fluorescence and absorption spectra of prodan and ORB in
THF and AcN.

graphically) is noted for donor—acceptor pairs in AcN. It should
be noted that we did not detect any extra absorption band in the
spectral range 200—600 nm for the investigated systems. It
points to the absence of any detectable ground—state complexes
of the donor—acceptor pairs in the solution.

Analyzing the emission spectra of prodan-ORB pair a blue
shift of the donor fluorescence spectrum is observed with
increasing acceptor concentration. The observed shift is about 3
nm by concentration changes of ORB from 5x10™° to
2.5x10"* M. This finding can be attributable to the radiative
transfer phenomena [22]. It is known that the acceptor
molecules quench the longer wavelength portion of donor
fluorescence spectrum more effectively than the shorter one,
whereas the simultaneous successive red shift of laurdan
fluorescence maximum can be attributed to reabsorption and
radiative migration [22,23]. It results because by the absorption
depth of about 2 mm the reabsorption is not completely reduced.

Table 1
Fluorescence decay times of prodan and laurdan in THF and AcN

In Fig. 4A, we show plots of prodan and laurdan
fluorescence intensity ratio against ORB concentration in
physically homogenous solution of THF and AcN. As can be
seen on Fig. 4A, the plots are linear for both dyes. Fitting the
experimental data to Stern—Volmer equation [8], Ky values and
energy transfer rate constant, kgt, have been calculated. The
obtained kgt values comprise 1.86 x 10'2-4.80x 10" | mol ™!
s_!, which is substantially higher than that noted for the
bimolecular rate constants controlled by diffusion. Diffusion
rate constants have been calculated according to Debye
equation [9], and for THF and AcN they are kbi=2.7x10"
Imol 's ! and Ame=2%10"" 1mol s !, respectively. The
two order differences noted between kpr and kppp values
indicate a diffusion-free mechanism for the electron energy
transfer of the studied D—A pairs.

In order to state the type of the quenching mechanism, the
fluorescence decay times for both systems, e.g., prodan-ORB
and laurdan-ORB in THF and AcN, were measured as function
of acceptor concentration. In those cases, the experimental
decay curves were fitted by a three-exponential function, also.
The obtained data for prodan-ORB system in THF are
graphically presented on Fig. 4B. As can be seen, the (tq)/
(1) ratio is independent on acceptor concentration in the errors
limit of 7 determination. The same dependence was observed
for all systems under study. Therefore, we can ascertain that
character of quenching is static.

On the basis of those and our earlier measurements [13—16]
and additionally performed measurements of fluorescence
decay times (collected in Table 1), it is evident that both prodan
and laurdan in used solution form an inhomogeneous
spectroscopic medium. Taking this into account, it is obvious
that the modified form of the Stern—Volmer relation should be
used for analyzing fluorescence quenching data [1,2,19]. If we
denote two emitting forms as LE and CT, the quantitative
expression for the relation between fluorescence intensity and
quencher concentration [Q] is given by the following equation
[1,2,19]:

I jie n Jer
Iy 1+KO] 1+ KG[0)
_ JLE Jer ()
L+ 57k (0] 1+ Tk (0]

where [, and I denote the total fluorescence intensities of a
fluorophore in the absence and presence of the quencher,

Solvent Prodan A.,=460 nm Laurdan A.,,=460 nm
1; [ns] A; [%)] (1) * 7 1; [ns] A; [%)] (7)* v
THF T 0.18 —19,887 (3%) 3.16 1.34 0.18 —23,653 (4%) 2.78 1.53
T, 3.09 36,499 (90%) 2.40 32,287 (66%)
T3 5.46 1540 (7%) 3.93 9078 (30%)
AcN T 0.17 —30,303 (5%) 2.5 1.46 0.19 —30,572 (6%) 2.32 1.32
T, 1.98 29,386 (60%) 1.75 31,200 (59%)
T3 3.84 8698 (35%) 3.68 8698 (35%)

* Calculated according to: (1) = Y1 | 4;72/> 1, At [6].
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Fig. 3. Emission spectra of prodan and laurdan in THF in the presence of various concentration of ORB.

respectively. fi g and fcr are the fractional contributions of the
emitting forms to the total fluorescence intensity, K58 KSY, o5
and 15" are the Stern—Volmer constants and decay times of
emitting forms, respectively.

The fitting of experimental data to Eq. (1) was performed
by using a non-linear least-squares procedure (ORIGIN 7.0).
As a result of performed calculations the values of K&E
KSY, fig and for were obtained. Using the Stern—Volmer
constants and decay times, the energy transfer rate constants
for prodan and laurdan molecules emitting from S;(LE) and
S1(CT) states were calculated. The results are listed in Table
2. An accurate analysis of the parameters describing the
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Fig. 4. A. Stern—Volmer plots of the fluorescence quenching of prodan and
laurdan in THF (...) and AcN (—) using ORB as a quencher. B. The ratio of
{197 /{7) as function of quencher concentration for prodan-ORB system in THF.

fluorescence quenching of the studied D—A pairs indicates
that:

e the values of k5% and kSt of prodan-ORB and laurdan-ORB
systems comprise 2.05x 10'2-6.06x10'> 1 mol ' s~ !, and
are greater than the bimolecular rate constants controlled by
diffusion for both, THF and AcN, kpirr=2.7x10"" I mol ™"
s ' and K5Re=2%10""Tmol ' s

® the fluorescence quenching rate constants determined for
laurdan-ORB system are greater than for pair prodan-ORB,
and implement the relation kgr(AcN)>kpp(THF), i.c., the
values are higher for more polar solvent.

e the fluorescence of prodan and laurdan is quenched by ORB
with greater probability, if the emission arises from S;(LE)
state, i.e., ks> kEr.

® the values of fig and for are closed to the values of 4;
describing contributions from different fluorescence emit-
ting modes ( see Tables 1 and 2), e.g. for prodan in AcN:
fLE=0-6 and Az(LE):06, and fCT=0-4 and A3(CT):035
While for laurdan in THF, the following results are:

Table 2

Stern—Volmer constants, K5 and K$v, rate constants for fluorescence
quenching, k=R and &L and the fractional contributions of the emitting forms
(LE and CT) to the total fluorescence intensity, f; g and fc, obtained from Eq. (2)

for prodan+ORB and laurdan+ORB systems

Prodan Laurdan

THF AcN THF AcN
fie 0.69 0.60 0.63 0.58
K52 [1mol™ 11,228 9989 12,283 10,613
5 [ns] 3.09 1.98 2.40 1.75
FEE [x 10" Tmol ''s71 3.63 5.04 5.10 6.06
Jer 0.31 0.40 0.37 0.42
K [1mol™ 11,227 10,456 12,283 10,615
ST [ns] 5.46 3.84 3.93 3.68
KT [x10" Imol ''s1] 2.05 2.72 3.10 2.88
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fig=0.63 and A,(LE)=0.66, and fc1t=0.37 and A3(CT)
=0.3. The differences are less than 10% and are in the error
range of determination of fig, for and 4;. The observed
compatibility between those values testify the correctness of
the performed analysis.

3.4. Energy transfer

The experimental data show that the fluorescence quenching
is a result of energy transfer, caused by dipole—dipole
interactions between donor D and acceptor A molecules.
According to Forster, the rate of energy transfer (kgt) and the
critical radius (R() can be expressed in quantities, accessible by
spectroscopic measurements [20—22]:

9000In10k?®Y
¥ = g, oM @

and

6 9000In10:>®Y

=——————Jpa(d 3
0 1287T5}’l4N DA(V)7 ( )

where @9 and 7 are the fluorescence quantum yield and
lifetime of donor in absence of acceptor, respectively; 7 is the
distance between D and A molecules; Ry is a critical radius for
energy transfer; n is a refractive index of the solvent; k is an
orientation factor which takes into account the angle between
the transition moments of the D an A molecules, which is equal
(2/3)"'? for their random distribution; N is the Avogadro’s
number. Jpa(V) is the spectral overlap integral between the
donor emission and acceptor absorption spectra:

soat) = [ L0 @
0 (¥

where /gp(V)is the spectral distribution of the donor fluores-

cence intensity normalized to the unit area in the wavenumber

scale and e,(V)is the molar extinction coefficient of the

acceptor.

The values of spectral overlap integral Jps(V) calculated
according to Eq. (4) and R, data obtained from Eq. (3) are
assembled in Table 3. The determined quantum yield of both
probes in THF and AcN is listed in Table 3. too. As it can be
seen from the obtained data, the values of fluorescence quantum

Table 3
Experimentally and theoretically obtained critical transfer distances, R, R{, Rg,
and values of [C]; , for prodan+ORB and laurdan+ORB systems

Donor  Solvent &% Jpa(®) (107" Ry Ry, R§  [Cli,» (x10%
cm® mol 1) A A)° A)° mollHd
Prodan THF 030 0.927 127.8 132.8 1312 1.76
AcN 038 2.892 1475 1508 151.0 1.15
Laurdan THF  0.28 0.849 1245 162.6 164.0 0.90

AcN 0.38 2.817 146.8 164.3 161.0 0.95

Theoretically calculated using the Eq. (3).
Theoretically calculated using the Eq. (5).
Calculated using the Eq. (8).

Determined from the Forster quenching theory.

yield and spectral overlap integral depend on polarity of the
medium, and possess higher values for solutions of both dyes in
AcN. This change is a result of increasing fluorescence
emission of CT form of prodan and laurdan. Furthermore, it
must be noted that the increased polarity of solvent prefers
processes leading to creation of TICT conformers which
effectively compete in emission of the LE fluorescence.

As it follows from Table 3, the values of R, for prodan and
laurdan (R, ~124.5-147.5 A) increase with polarity of the
medium, and indicate that dipole—dipole interaction is respon-
sible for the resonance energy transfer mechanism. The value of
the critical transfer distance, Ry, (obtained from Eq. (3)) has
been calculated assuming that the distance between all the
donor and acceptor pairs is constant, e.g., as for solid state or
bichromophoric systems. It was shown [9], that for the solution
Eq. (2) must be modified as:

D
Tf

kET = P ——T g (5)
: )

The R{ data calculated using Eq. (5) are inserted in Table 3,
too. As it can be seen on analyzing the data of Table 3 the values
of Ry and R{ are in good conformity, and both indicate that the
energy transfer occurs on the distance larger than the sum of
collision radii, Rp+RAs. The sum of collision radii for the
studied donor—acceptor pairs is about 4.5-7 A.

The transfer of excitation energy from donor to acceptor

causes a decrease of the quantum yield of the donor molecule.
According to the Forster theory [20,21] the energy transfer
efficiency, E1, as well as the ratio, @p/ 450D, of fluorescence
quantum yields depend on the reduced concentration, ypa, for
donor overlapping as follows:
P _ g =1-V& 2 —erf 6
o T= TY¥paeXp(Ypa)~[1-erf (Ypa)l, (6)
where erf (ypa) is the Gaussian error function defined by
erf(x) =2y ;" exp(—x?)dx, ypa=Ca/Coa is the reduced
concentration for donor overlapping [20,21], where Cy is the
acceptor concentration and Cya 1S a critical concentration,
which is related to the critical transfer distance R, as follows
[23]:

3000

= 7
47NR} )

0A

The experimental values of @/ @Y, and Er and their values
predicted theoretically (using spectroscopicaly determined
values of yps and Eq. (6)) are plotted as the function of
acceptor concentration in Fig. 5. It can be seen that the empirical
results are in good agreement with the predictions of the Forster
theory. This conformity allows us to calculate the critical radius
of energy transfer R in an independent way by means of the
following formula [9]:

R§ =7.35(]C), )", (8)

where [C]; ,, is the acceptor concentration at which the relative
fluorescence quantum yield of donor is reduced by half. The
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Fig. 5. Relative donor fluorescence quantum yield &,/ &% and energy transfer efficiency Er in presence of acceptor molecules dissolved in THF and AcN. The full and
dashed curves are calculated from Eq. (6). The points represent the experimental results.

[C]1 /> values of the acceptor concentration for all D—A pairs
under study are summarized in Table 3. As it follows from Table
3, the values of [C];,, are higher for laurdan-ORB in
comparison to prodan-ORB. It indicates that the energy transfer
is more efficient in case of prodan-ORB system irrespective of
solvent polarity. The R{ values calculated using Eq. (8) are
listed in Table 3, too. Analyzing Ry, R} and R{ values
determined using Egs. (3), (5) and (8), follows that they are
equal in the error range of their determination and they possess
bigger value in more polar solvent AcN.

4. Conclusions

Our studies on fluorescence quenching of prodan and
laurdan by ORB in THF and AcN bring us to following
conclusions:

® The fluorescence quenching of prodan and laurdan by ORB
shows different efficiencies. The emission of laurdan is
quenched more effectively than that of prodan. We suppose
that this finding is due to the different lengths of their acyl
residues.

® The R, values for investigated donor—acceptor pairs range
between 124.5 and 147.5 A. It indicates that dipole—
dipole interaction is responsible for the energy transfer
mechanism.

® We are convinced that the modified Stern—Volmer relation is
the proper one to study the quenching process of both
systems. The correlation between fig, fcr and the values
of A; describing contributions from different fluorescence

modes speaks for the procedure which takes into account
the noted spectral heterogeneity of solutions under study.
The observed compatibility with results obtained using
the standard Stern—Volmer model is a proof of properly
of performed analysis.
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